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We have cloned a partial cDNA of chicken glial cell line-derived neurotrophic factor (GDNF) and systematically examined
its expression pattern as well as that of GDNF-binding components (GDNF family receptor alpha-1 and 2: GFRa-1 and 2)
nd a common signal transduction receptor (c-ret protooncogene: RET) during very early developmental stages. In addition,
e also examined the expression pattern of an apparent avian-specific binding component, GFRa-4. The cloned chicken
cDNA for GDNF had approximately 80% homology to mammalian counterparts. The expression of GDNF mRNA occurred
in many spatially and temporally discrete regions such as the intermediate mesoderm, the floor plate of the spinal cord,
pharyngeal endoderm contacting the epibranchial placodes, distal ganglia of cranial nerves, subpopulations of mesenchyme
cells in the craniofacial region, and in the mesodermal wall of the digestive tract. Both a GDNF receptor signal transduction
component (RET) and a binding component (GFRa-1 or GFRa-2) were independently expressed in nearby interacting tissues
such as the somites, peripheral and central nervous system, and mesenchyme cells in the craniofacial region. These
observations suggest that possible combinations of novel unidentified receptors acting with RET or with GFRas may
mediate GDNF-derived signals and indicate that GDNF or other family members may have previously unidentified actions
in early organogenesis in the chick embryo. © 2000 Academic Press
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Glial cell line-derived neurotrophic factor (GDNF) was
originally identified as a potent survival factor for dopami-
nergic neurons in vitro (Lin et al., 1993). Subsequently,
structurally related molecules, namely neurturin (NTN;
Kotzbauer et al., 1996), persephin (PSP; Milbrandt et al.,
1998), and artemin (ART; Baloh et al., 1998b), have been
identified and now compose a subfamily within the TGFb
superfamily of molecules. A generally accepted model of
signal transduction by molecules of the GDNF family,
which has been mainly derived from in vitro studies, is that
the ligands employ a multicomponent receptor system in
1 To whom correspondence should be addressed. Fax: 24-549-
R8811. E-mail: shomma@cc.fmu.ac.jp.
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All rights of reproduction in any form reserved.hich a glycosylphosphatidylinositol (GPI)-linked cell sur-
ace receptor (GDNF family receptor alpha: GFRa) first
binds a ligand, after which the ligand/GFRa complex binds
o and activates a receptor tyrosine kinase, c-ret (RET). Four
tructurally related binding receptors, GFRa-1, 2, 3, and 4
ave been isolated and are specific receptors for GDNF,
TN, ART, and PSP, respectively (Jing et al., 1996, 1997;
reanor et al., 1996; Baloh et al., 1997, 1998a,b; Buj-Bello et
al., 1997; Klein et al., 1997; Sanicola et al., 1997; Suvanto et
al., 1997; Widenfalk et al., 1997; Enokido et al., 1998;
Naveilhan et al., 1998; Thompson et al., 1998; Worby et al.,
1998). However, the presence of RET modifies the specific
binding between a ligand and GFRa. For example, GDNF
an bind to GFRa-2 and 3 in the presence of RET, although
the GDNF/GFRa-3 complex does not necessarily activate
ET (Baloh et al., 1997; Creedon et al., 1997; Sanicola et al.,
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122 Homma et al.1997; Suvanto et al., 1997; Worby et al., 1998). Detailed
receptor expression studies in mammals, however, indicate
that the predicted combinations of receptors necessary to
mediate signal transduction are not always observed (Nos-
rat et al., 1997; Trupp et al., 1977; Golden et al., 1998; Yu et
al., 1998). For example, Schwann cells surrounding the
axons of motoneurons express GFRa-1 but not RET (Trupp
et al., 1997). A mismatch between the expression of NTN
receptor components has also been observed in the nervous
system (Widenfalk et al., 1997). Two different explanations
ave been proposed to explain signal transduction in the
bsence of one or the other receptor components: (a) un-
dentified novel receptors and (b) a trans-action model in
hich, for example, Schwann cell-derived GDNF binds to
FRa-1 released from the surface of Schwann cells and this
omplex then binds to RET expressed on motoneuron axons
Trupp et al., 1977).
Because GDNF and its receptors are involved in the
urvival of dopaminergic neurons and motoneurons (Hen-
erson et al., 1994; Beck et al., 1995; Oppenheim et al.,
995; Tomac et al., 1995; Yan et al., 1995), cell types which
re affected in specific neurodegenerative diseases, much
ttention has been focused on the neurotrophic survival
ffects of GDNF. However, the embryonic expression pat-
ern of GDNF and GDNF receptor components suggests
ultiple roles in proliferation, differentiation, and induc-
ive interactions during early development (Pachnis et al.,
993; Schuchardt et al., 1995; Hellmich et al., 1996; Nosrat
t al., 1996; Suvanto et al., 1996; Wright and Snider, 1996;
uukko et al., 1997, 1998; Nosrat et al., 1997; Widenfalk et
l., 1997, 1998). The deletion of the GDNF gene in the
ouse embryo results in the absence of enteric neurons and
ailure of development and branching of the ureteric bud,
nd therefore absence of the kidney (Moore et al., 1996;
ichel et al., 1996; Sa´nchez et al., 1996) and RET and
FRa-1-deficient mice exhibit a phenotype similar to mice
acking GDNF (Schuchardt et al., 1994; Cacalano et al.,
1998; Enomoto et al., 1998).
To gain a better understanding of the role of GDNF and
its receptor components during early embryonic develop-
ment, it is important to first systematically describe the
expression pattern of these factors. Moreover, an analysis of
expression patterns in very young embryos may shed light
on the significance of temporal mismatches in the expres-
sion of ligand and receptor components. In later develop-
mental stages, as well as in adult animals, the situation is
often more complex in that, for example, soluble forms of
systemically available receptor-ligand complexes must be
considered (e.g., Ip et al., 1992; Davis et al., 1993). By
contrast, at early developmental stages, all receptor compo-
nents and the corresponding ligand must be expressed
within closely interacting tissues. If a particular combina-
tion of a ligand and receptor components (e.g., GDNF, RET,
and GFRa-1) is not observed in a spatially and temporally
restricted region where tissue interactions such as induc-
tion and epithelial-mesenchyme transition occur, then it is
more likely that novel receptor components or ligands may
Copyright © 2000 by Academic Press. All rightbe involved. The early development of the chick embryo is
well defined and tissue interactions have been extensively
studied using experimental approaches. Accordingly, we
have examined the expression pattern of GDNF and its
receptor components, RET and GFRa-1, 2, and 4 in the
hick embryo as a beginning attempt to understand their
ole(s) in early organogenesis. Efforts to examine develop-
ent following perturbations of GDNF and its receptor
omponents are in progress.
MATERIALS AND METHODS
Fertilized eggs were purchased from Daiichi Farm (Gumma,
Japan). The eggs were incubated in the laboratory at 38°C and 60%
relative humidity until they reached the desired stages. Embryos
were staged using the Hamburger and Hamilton (1951) stage series.
Isolation of Chick GDNF
Reverse-transcriptase polymerase-chain reaction (RT-PCR) was
used to isolate the chicken homologue of GDNF. Poly(A)1 RNA
was collected from chick embryos at stages 10–11 using the Micro
Fast Track kit (Invitrogen) following the manufacturer’s instruc-
tions. This RNA was copied into first-strand DNA using a reverse-
transcriptase PCR kit (Perkin Elmer Cetus). To isolate the chick
homologue of GDNF gene, we used 59-TTATGGGATG-
TCGTGGCTGTCT-39 and 59-ACATCCACACCGTTTAGCG-39
oligonucleotide primers. These primers correspond to nucleotide
positions 56–77 and 661–679 of rat GDNF (GenBank Accession
Number L15305), respectively. Cycling parameters were 94°C for 1
min, 55°C for 1 min, and 72°C for 1 min for 28 cycles. The PCR
products were cloned using the TA Cloning kit (Invitrogen). Both
strands of several clones were sequenced using the ABI 373
automated sequencer.
Isolation of Chick GFRa-1 and GFRa-2
Total RNA was isolated from Embryonic Day (E) 6 spinal cord
using RNeasy kit (QIAGEN) and then the first-strand DNA was
reverse-transcribed using the T-primed first-strand kit (Pharmacia
Biotech). PCR was performed using parameters of 94°C for 1 min,
55°C for 1 min, and 72°C for 1 min for 40 cycles using Taq
polymerase (Perkin-Elmer Ceteus). The primers were 59-TCCTC-
GCGCTCCTCTACTTG-39 and 59-AGCCCCGAGTAAGC-
GAGGAG-39 for GFRa-1, and 59-CAAGAGGGGCATGAG-
AAG-39 and 59-CATTGCCGAAGGCTTGGA-39 for GFRa-2. The
PCR products of the expected size were ligated into pGEM-T Easy
vector (Promega) and sequenced to verify them as chicken GFRa-1
and GFRa-2.
Probes Labeling
A plasmid encoding the extracellular domain of the chick c-ret
protooncogene was a generous gift from Dr. F. Costantini.
Digoxigenin-labeled riboprobes were synthesized from the linear-
ized template with SacI using T3 RNA polymerase (antisense
probe) and KpnI-linearized template using T7 RNA polymerase
(sense control probe). Plasimid containing GFRa-4 was a kind gift
from Dr. J. X. Comella. The sense probe was synthesized with T7
polymerase from SalI-linearized template and the antisense probe
was from SacII-linearized template with SP6 RNA polymerase.
s of reproduction in any form reserved.
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123Expression Pattern of GDNF and ReceptorsThe GFRa-1 digoxigenin-labeled riboprobes were transcribed
from ApaI-linearized template using SP6 RNA polymerase (anti-
sense probe) and SpeI-linearized template using T7 RNA polymer-
se (sense probe). The GFRa-2 riboprobes labeled with digoxigenin
were synthesized from the template linearized with ApaI using SP6
RNA polymerase (antisense probe) and SpeI-linearized template
using T7 RNA polymerase.
For GDNF probes, a portion of the larger PCR product was
reamplified using primers 59-GTTCGATGAGGTAGTGGACT-39
and 59-GTCATCGTCAAAGGCTGTGG-39 and subcloned into
pGEM-T Easy vector (Promega). This probe does not discriminate
between short and long forms of GDNF transcripts. The ApaI-
linearized plasmid was used to transcribe digoxigenin-labeled ribo-
probes with SP6 RNA polymerase (antisense) and SalI-linearized
template for control probe with T7 RNA polymerase.
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was carried out essentially as
escribed by Wilkinson (1992). However, we omitted the hydrogen
eroxide treatment and used 0.5% CHAPS and 0.1% Tween 20,
nstead of 1% SDS, in the hybridization and washing solutions.
ybridization temperatures were 70°C for all probes, except GDNF
65°C). For GDNF in situ hybridization, embryos were washed
wice with 0.1 M maleic acid buffer at 65°C for 30 min after the last
ash with 23 SSC and 50% formamide to reduce background
evels. To obtain the best signal to noise ratio with the GDNF
robe, treatment with relatively high concentrations of proteinase
was necessary, compared to that used for the other probes.
bservations in whole-mount preparations were derived from
0–30 embryos for each probe at each stage. Five to 10 embryos
ere selected and sectioned (30 mm thickness) to better localize
hybridization signals.
RESULTS
Isolation of Chick GDNF
Because the cDNA for chicken GDNF has not previously
been reported, we begun with the isolation of chicken
GDNF cDNA by reverse-transcriptase polymerase-chain
reaction.
Two PCR products were obtained. These were sequenced
and analyzed thorough BLAST service in GenBank. The two
PCR products were 645 and 546 bp in size and have
significant homology to the rat, mouse, and human GDNF
cDNA. By comparing the two products, we found that the
smaller one had a 99-bp deletion from the larger one,
suggesting that the smaller one is an alternative splice
variant (Fig. 1A). A short form of GDNF transcript, in which
a deletion was located in the prodomain of the precusor
protein sequence, has also been reported in rat and human
(Suter-Crazzolara and Unsicker, 1994; Choi-Lundberg and
Bohn, 1995; Cristina et al., 1995; Springer et al., 1995;
rimm et al., 1998). In the human GDNF gene, deletion in
short form of the transcript corresponds to the 39 end of
xon 2 (Grimm et al., 1998). Detection of long and short
orms of GDNF mRNA in the chick embryo suggests that
he chicken GDNF gene may have a genomic structure
imilar to that of mammals. s
Copyright © 2000 by Academic Press. All rightThe predicted amino acid sequence of the mature region
n cloned GDNF had approximately 78 and 82% similari-
ies to corresponding mature regions of rat and human
DNF, respectively (Fig. 1B). Although the chicken GDNF
DNAs are PCR products and not full length, they covered
lmost 100% of the coding regions of their human and
odent counterparts. The cDNA sequences of the long and
FIG. 1. The predicted amino acid sequence of chicken GDNF. (A)
The top row shows chicken GDNF cDNA and the bottom row is
the deduced amino acid sequence of precursor GDNF. Only the
beginning of the sequence to the consensus proteolytic cleavage
site for processing (R-X-X-R), which is in bold, is depicted. The
underlined region is deleted in the short form of GDNF cDNA. Due
to the deletion, the glycine residue is changed into an alanine. (B)
Alignment of mature protein sequences of chick (c), human (h), and
rat (r) GDNF using the Clustal method of multiple sequence
alignment. Only those portions of human and rat GDNF sequences
corresponding to the cloned partial sequence of chicken GDNF are
shown. Residues that are identical among the three species are
boxed.hort forms of chicken GDNF are deposited in GenBank
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightand the Accession Numbers are AF176017 and AF176018,
respectively.
GDNF Expression
Stage 10. Two regions of focal expression of GDNF
mRNA were found in the head of embryos: small, localized
expression in the anterior head and a more extensive
expression in the caudal head (Fig. 2A). In transverse sec-
tions through the caudal region, expression was observed in
the lateral epithelial lining of the pharynx under the surface
ectoderm (Fig. 2B). GDNF expression was also found in the
pronephric intermediate mesoderm and in the intermediate
mesoderm at the level of newly segmented somites along
the rostro-caudal axis (Fig. 2A). At the earliest examined
here (stages 9–10), GDNF was not expressed anywhere
within the central nervous system (CNS). However, soon
after neural tube closure (stage 11 and onward), weak
expression of GDNF was observed in the floor plate at the
most rostral region of the spinal cord.
Stage 12. The expression pattern of GDNF mRNA was
similar to stage 10 (Fig. 2C). In transverse sections through
levels posterior to the otocysts, GDNF was expressed in
regions of the endodermal lining of the pharynx that con-
tacted the placodal thickening (Fig. 2D). At stage 14, GDNF
expression in the floor plate now extended from cervical to
upper brachial levels.
Stage 18. In the craniofacial region, GDNF was ex-
pressed in the distal ganglia of the VIIth and IXth cranial
nerves (Fig. 2G). GDNF mRNA was also observed at the
base of the clefts between the branchial arches (Figs. 2E and
2G). In sections, this expression was observed to be in the
floor plate (fp), and nephrogenic cord (ne) is indicated by arrows. (D)
A transverse section at the level of the second visceral pouch. The
endodermal lining of the pharynx (p) contacting the surface ecto-
derm (arrowheads) expresses GDNF. (E) Ventral view of a stage 18
embryo. Arrows: expression in the floor plate (fp), foregut (fg),
nephrogenic cord (ne), hindgut (hg), and allantois (al). (F) Expression
in the mesenchyme (arrowheads) around the primary head veins
(hv: arrows). (G) The head region of the embryo in E. Placode-
derived distal ganglia of the facial (VII) and glossopharyngeal (IX)
nerves are indicated by arrows. Arrowheads: a discrete expression
domain located dorsal to the optic cup (op). ot, otocyst; pa,
pharyngeal arch. Expression in the sinus venosus (sv) is indicated
by an arrow. (H) A frontal section through the pharyngeal arches
(pa). Epithelial lining of the pharyngeal cleft expresses GDNF. (I) A
transverse section in the rostral brachial region of a stage 18
embryo. Arrowheads indicate unilateral expression of GDNF in the
mesodermal wall of the foregut and the arrow indicates expression
in the floor plate (fp). nc, notochord; da, dorsal aorta; dm, dorsal
mesentery. The asterisk in I indicates the lumen of the foregut. (J)
A transverse section in the upper thoracic region of a stage 18
embryo. The arrow indicates expression of GDNF in the floor plate
(fp). ne, nephrogenic mesenchyme. Scale bars are 400 mm in A, 600
mm in C, 200 mm in E and G, and 100 mm in B, D, F, and H–J.FIG. 2. Early embryonic expression of GDNF in whole-mount in
situ hybridization (A, C, E, and G) or 30-mm sections (B, D, F, H, I,
and J). Thin lines in A, C, and E indicate the approximate levels of
corresponding sections shown in B, D, F, H, I, and J. (A) Dorsal view
of an embryo at stage 9. Discrete focal expression of GDNF in the
prospective first pharyngeal pouches (arrowheads). Expression in
the pronephrogenic intermediate mesoderm (ne) is indicated by
arrows. (B) A transverse section at the level of the prospective
second visceral pouch of the pharynx (p) in a stage 9 embryo, in
which endoderm contacting the surface ectoderm expresses
GDNF. (C) Dorsal view of a stage 13 embryo, showing nonspecific
hybridization in the brain. Specific expression in the pharynx (p),s of reproduction in any form reserved.
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125Expression Pattern of GDNF and ReceptorsFIG. 3. The expression pattern of c-ret (RET). Whole-mount in situ hybridization (A, D, G, and J) and 30-mm sections (B, C, E, F, H, I, K,
, and M) at the approximate levels indicated by thin lines in A, D, and G. (A) Dorsal view of a stage 9 embryo. An arrowhead indicates
ybridization in the mesen-rhombencephalic junction. Arrows: expression in the spinal cord (sp) and nephric duct (np). (B) A transverse
ection through the caudal rhombencephalon at stage 9. Arrowheads indicate hybridization in the surface ectoderm. RET is also expressed
n the mesenchyme between the ectoderm and pharynx (p). nc, notochord. (C) A transverse section at the mid-level of the closed neural
ube. The floor plate (fp) lacks the expression of RET. nc, notochord. (D) Dorsal view of a stage 13 embryo. The arrowhead indicates
xpression at the mesen-rhombencephalic junction. Arrows: expression in the spinal cord (sp) and nephric duct (np). (E) A transverse section
hrough the auditory pit (ap) of a stage 13 embryo. Hybridization is observed in the dorsal half of the auditory placode as well as in the
pibranchial placode, which contacts the endoderm of the pharynx (p). nc, notochord. (F) A transverse section through the level of upper
ervical spinal cord from a stage 13 embryo. Arrowheads indicate RET expression in the surface ectoderm. p, pharynx; nc, notochord. (G)
stage 18 embryo, in which only the most caudal somites express RET. Hybridization in the dorsal root ganglia (drg) is indicated by an
rrow. The nephric duct (np) and mesencephalon (mes), in which hybridization is observed in the dorsal midline, are also shown. (H) A
ransverse section through the optic cup (op) and ophthalmic division of the trigeminal ganglion (V (op), arrows) from a stage 18 embryo.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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126 Homma et al.epithelial lining of the pharyngeal clefts (Fig. 2H). A cluster
of GDNF-expressing cells was observed dorsally to the optic
cups (Fig. 2G). This cluster did not appear to be the
ophthalmic lobe of the trigeminal ganglion, because in
frontal sections through the clusters, mesenchyme located
ventral to the primary head veins was the major tissue
expressing GDNF (Fig. 2F).
GDNF transcripts were also found in the mesonephric
and metanephric kidneys (Fig. 2E) and in sections, GDNF
was in mesenchyme cells adjacent to the ureteric bud
(Fig. 2J).
GDNF expression in the floor plate now extended into
the lower brachial and thoracic spinal cord (Fig. 2E). At
stage 20, GDNF expression in the floor plate occurred at all
levels of the spinal cord and persisted until stage 22.
However, by stage 24, GDNF expression was no longer
detected at any level of the spinal cord (not shown). Thus,
GDNF expression in the floor plate is transient and either
precedes or occurs coincident with the genesis of motoneu-
rons along the spinal cord (Hollyday and Hamburger, 1977).
GDNF expression occurred in the digestive tract, where
strong GDNF expression was located in the prospective
stomach segment of the foregut and the allantois, whereas
only weak expression was observed along other segments of
the foregut and hindgut (Fig. 2E). In sections through the
prospective stomach, strong expression of GDNF was ob-
served in the mesoderm layer on the left side and a diffuse
expression occurred in the entire mesenchyme surrounding
the lumen of the foregut (Fig. 2I). In sections of the allan-
tois, GDNF expression was observed in the epithelial lining
of the lumen of the allantois (not shown). A portion of the
wall of the sinus venosus expressed GDNF mRNA (Fig. 2E
and 2G).
RET Expression
Stage 10. In the CNS, the expression of the c-ret pro-
tooncogene (RET) was observed at the mesen-rhomb-
encephalic junction (Fig. 3A). The closed neural tube (but
not the unclosed neural plate) abundantly expressed RET
mRNA (Fig. 3A). In transverse sections of the neural tube,
RET mRNA was observed in the entire neural tube except
for the floor plate (Fig. 3C).
Arrowheads indicate hybridization in the mesenchyme located dor
(pa) of a stage 18 embryo. Hybridization is clearly localized to the in
18 embryo. Ophthalmic division of the trigeminal ganglion, V(op
nerves are indicated by arrows. The white arrowhead in the dors
mesenchyme cells that is separated from the trigeminal ganglion. T
to the fourth pharyngeal arch. Arrowheads indicate expression in m
(K) A transverse section of the dorsal region of the mesencephalon
at somite developmental stage II. Hybridization in the somite is rest
neural crest. The nephric duct (np) also expresses RET (arrows). (M
Roman numerals indicate the developmental stage of somites as de
mm in D and J; and 100 mm in B, C, E, F, H, I, K, L, and M.
Copyright © 2000 by Academic Press. All rightOutside of the central nervous system, RET mRNA was
bserved bilaterally, adjacent (but lateral) to the rhomben-
ephalon (Fig. 3A). In sections thorough this region, RET
as found in the mesenchyme beneath the surface ecto-
erm as well as in the surface ectoderm itself (Fig. 3B).
ased on the location, the surface ectoderm expression
epresents epibranchial placodes although they were not yet
istinctively thickened (Fig. 3B). The mesenchymal expres-
ion may be migrating neural crest cells, because emigra-
ion of neuronal precursors from the epibranchial placode
enerally begins later around stage 14 (D’Amico and Noden,
983).
The expression of RET mRNA also occurred in the
omites (Fig. 3A). However, the expression of RET was
estricted to several newly segmented somites (somite
evelopmental stages from I to IV or V; see Christ and
rdahl, 1995) and had disappeared from the older somites.
n addition to the segmented somites, unsegmented
araxial mesoderm just caudal to the last segmented
omites weakly expressed RET mRNA, and expression was
lso observed in the intermediate mesoderm (Fig. 3A: pro-
ephron).
Stage 13. The expression of RET mRNA in the spinal
ord exhibited a rostral to caudal pattern (Fig. 3D) and
xpression persisted at the mesen-rhombencephalic junc-
ion (Fig. 3D).
In the head and neck, RET expression was observed
aterally at the level of the auditory pit and at the junction
etween the rhombencephalon and the cervical spinal cord
Fig. 3D). In transverse sections, RET expression occurred in
hickened surface ectoderm (placode) and underlying mes-
nchyme, but not in the endodermal lining of the visceral
ouches (Fig. 3E). In sections from more caudal regions,
oth the surface ectoderm and the underlying mesenchyme
xpressed RET mRNA laterally (Fig. 3F). Based on the
ocation and morphology, these RET-expressing tissues
epresent epibranchial placodes that give rise to the distal
anglia of the facial, glossopharyngeal, and vagus nerves and
elaminated cells derived from the placodes. Invaginating
tocysts also expressed RET mRNA and in sections, RET
xpression was found in the dorsal half of the auditory
lacode (Fig. 3E).
the optic cup. (I) A frontal section through the pharyngeal arches
portion of the 1st pharyngeal arch. (J) The head region from a stage
tal ganglia of the facial (VII), glossopharyngeal (IX), and vagus (X)
gion of the optic cup (op) indicates hybridization in a cluster of
hite asterisk indicates expression in the surface ectoderm posterior
ng neural crest cells in the foregut. ot, otocyst; pa, pharyngeal arch.
) from a stage 18 embryo. (L) A transverse section of a somite (sm)
d to the dorsomedial region. Arrowheads indicate expression in the
arasagittal section of newly formed somites in a stage 18 embryo.
d by Christ and Ordahl (1995). Scale bars: 400 mm in A and G; 200sal to
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127Expression Pattern of GDNF and ReceptorsRET expression was still restricted to newly formed
somites (Fig. 3D) and the mesonephric duct now expressed
RET mRNA (Fig. 3D).
Stage 18. In the CNS, RET mRNA expression occurred
in several large cells located along the dorsal midline of the
mesencephalon (Figs. 3G and 3K). These were the only cells
expressing RET within the CNS since the earlier expression
in the spinal cord had now disappeared. In the peripheral
nervous system (PNS), the sensory ganglia of the ophthal-
mic division of the trigeminal (Vth) as well as distal ganglia
of the facial (VIIth: geniculate ganglia), glossopharyngeal
(IXth: petrosal ganglia), and vagus (Xth: nodose ganglia)
nerves all expressed RET mRNA. The epibranchial placodes
giving rise to the petrosal and nodose ganglia continued to
express RET mRNA (Fig. 3J). Premigratory neural crest in
the lumber spinal cord, but not in other spinal segments,
expressed RET mRNA (Fig. 3L). In the cervical and upper
brachial levels, aggregating dorsal root ganglion cells first
began to express RET mRNA (Fig. 3G). Some cell popula-
tions in the mesenchymal layer of the foregut expressed
RET mRNA (Fig. 3J). Neural crest cells that differentiate
into myenteric neurons invade the wall of the foregut on
Embryonic Day 3 (Tucker et al., 1986) and therefore RET-
xpressing cells may be neural crest-derived immature
yenteric ganglion cells. However, neither GFRa-1 nor
GFRa-2 was expressed in these cell populations at these
tages.
In the head region, clusters of RET mRNA expression
ere observed in the dorsal region of the optic cup (Fig. 3J).
he expression of RET in these clusters occurred in mes-
nchyme cells located relatively deep within the embryo;
hey could be distinguished from the ophthalmic lobe of the
rigeminal ganglia and appeared to be the same cell popu-
ation that expressed GDNF mRNA (Figs. 3H and 3J, also
ee Figs. 2G and 2F). The dorsal half of the otocyst expressed
ET mRNA, similar to earlier stages (Fig. 3J). Expression
lso occurred in the first, second, third, and fourth branchial
rches (Figs. 3G and 3J). In frontal sections of the branchial
rches, RET-expressing cells were located in the central
ortion of the arches and were separated from the surface
ctoderm and surrounded by nonexpressing cells (Fig. 3I).
he surface ectoderm and underlying mesenchyme cells
ocated just posterior to the fourth branchial arch also
xpressed RET and these same regions also expressed
FRa-1 and 2 mRNA (see below). However, the identity of
he cells in this region is unclear.
Expression in the somites was similar to that observed at
arlier stages (Fig. 3G). In sagittal sections of the somites,
he anterior-dorsal quadrants selectively expressed RET
Fig. 3M).
GFRa-1 Expression
Stage 10. In the CNS, the rostral mesencephalon adja-
cent to the prosencephalon expressed GFRa-1 mRNA (Fig.
A). In transverse sections at this level, GFRa-1 expressionwas observed in the ventral region of the mesencephalon e
Copyright © 2000 by Academic Press. All right(Fig. 4B). GFRa-1 expression was absent from all other
egions of the CNS at this stage.
Outside of the CNS, GFRa-1 mRNA expression occurred
in Hensen’s node, segmented somites, and mesenchyme
flanking the midbrain and rostral hindbrain (Figs. 4A and
4C). GFRa-1 mRNA was also localized in the dorsal regions
f the somite in transverse sections at somite developmen-
al stage I (Fig. 4D). Pronephric intermediate mesoderm also
xpressed GFRa-1 mRNA (Figs. 4A and 4D).
Stage 14. In the CNS, the dorsal midline of the di-
encephalon and rostral mesencephalon now expressed
GFRa-1 mRNA (Fig. 4E) and the ventral neuroepithelium
f the mesen-diencephalic junction also now expressed
FRa-1 (Figs. 4E and 4F).
Outside of the CNS, GFRa-1 mRNA was expressed in the
surface ectoderm and underlying mesenchyme at the level
of the mesencephalon and rostral rhombencephalon (Figs.
4E–4G) and the pattern of expression indicates that the
ectodermal and some of the underlying mesenchymal ex-
pression of GFRa-1 may be in the trigeminal placode and
elaminated ganglionic precursor cells derived from the
lacode.
Stage 18. Expression along the dorsal midline of the
NS was diminished at this stage except in the mesen-
ephalon (Figs. 4H and 4I). In sections of the mesencepha-
on, expression was observed in the midline neuroepithe-
ium, which was distinct from the region of RET
xpression. GFRa-1 expression also occurred in the mar-
inal zone and in the ventral portion of the rostral mesen-
ephalon (Figs. 4I and 4J).
In the head and neck regions, the sensory ganglia of the
axillo-mandibular division of the trigeminal (Vth), and
he distal ganglia of the facial (VIIth), vestibuloacoustic
VIIIth), and glossopharyngeal (IXth) nerves expressed
FRa-1 mRNA (Figs. 4I and 4J). Within the maxillo-
andibular division of the trigeminal ganglia (Vth), expres-
ion was relatively concentrated in the lateral region of the
anglia in frontal sections (Fig. 4J). The expression of
FRa-1 also occurred in the mesenchyme surrounding
rimary head veins and in overlying ectoderm (Figs. 4I and
J). Based on their location, GFRa-1-expressing cells in the
ctoderm may represent the trigeminal placode and cells in
he mesenchyme may be emigrating neuronal precursors
erived from the placode. Internal mesenchyme in pharyn-
eal arches 1, 2, and 3 also expressed GFRa-1 (Fig. 4K). The
xpression pattern of cells in the pharyngeal arches ap-
eared similar to that of RET. Discrete GFRa-1 expression
omains in the ectoderm and underlying mesenchyme were
bserved in regions just caudal to the fourth pharyngeal
rches (Fig. 4I).
The expression pattern of GFRa-1 in the somites was
altered after stage 17. At stage 17, the dorsal lip of the
dermamyotome expressed GFRa-1 mRNA at the cervical
level, whereas the entire dorsal epithelium of the somite
expressed GFRa-1 at more caudal levels (Figs. 4H and 4M).
y stages 18–19, the dorsal lip of the dermamyotome
xpressed GFRa-1 at the cervical, brachial and lumber
s of reproduction in any form reserved.
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129Expression Pattern of GDNF and Receptorslevels, whereas the entire dermamyotome now expressed
GFRa-1 only at the thoracic level (Figs. 4L and 4N).
Finally, the ureteric duct expressed GFRa-1 at this stage
(Figs. 4L and 4M).
FIG. 4. Expression of GFRa-1. In situ analysis in whole-mount em
evel and orientation of the sections are shown in A, E, and H by th
esencephalon and mesenchyme flanking the mesencephalon and
omites (sm), nephric duct (np), and Hensen’s node (hn). (B) A tra
esencephalon from a stage 9 embryo. Arrowheads indicate GFRa
through the middle of the mesencephalon from a stage 9 embryo
ransverse section of the most caudal segmented somites from a stag
ortion of the somite and arrows indicate expression in the nephric
ybridization along the dorsal midline in the CNS. di, diencepha
bserved in the trigeminal placode (see F and G). (F) A horizontal s
xpression in the surface ectoderm (trigeminal placode) and underly
f the dien (di)-mesencephalic (mes) junction. (G) A transverse secti
rrows: expression in the trigeminal placode and underlying mes
FRa-1 expression in the wing bud (wb) but not in the leg bud (lb).
view of the craniofacial region of a stage 18 embryo. Expression
ganglion, V (mm), vestibuloacoustic ganglion (VIII), and distal ga
indicate expression in the mesenchyme around the primary head
hybridization in the ectoderm posterior to the 4th pharyngeal arch
through the trigeminal ganglion of a stage 18 embryo. Arrowheads in
in the placode adjacent to the ganglion. mes, mesencephalon. (K) A
18 embryo. (L) A transverse section through the middle of the b
expression in the dorsal lip of the dermamyotome (dm, arrows). n
developmental stage III at the leg bud level from a stage 18 embryo.
np, nephric duct (arrows); sp, spinal cord. (N) Dorsolateral view of th
ventral lip of the dermamyotome at the thoracic level between the
mm for B–G, K, and M; and 200 mm for I, J, L, and N.
IG. 5. GFRa-2 expression. In situ hybridization analysis in whol
T, and U). Thin lines or thin arrows with large capital letters in A
sections. (A) Dorsal view of an embryo at stage 9. Hybridization in
arrows. (B) Dorsal view of the head from an embryo at stage 9. App
lines. p, prosencephalon; m, mesencephalon; r 2/1, rhombomere 1/
sections through the prosencephalon, the middle of the mesencep
embryo. (F, G, and H) Transverse sections from a stage 9 embryo, sh
V in F, at stage I in G, and in the segmental plate in H. Expression is
in the ventrolateral portion of the somite. (I) Dorsal view of a stage 1
(m), and rhombomeres (r) 1–5 are indicated at the bottom of the fig
figure. (J–M) A transverse section of the prosencephalon in J, rhom
embryo at stage 12. Arrowheads and arrows in J indicate mesenchym
portion of the optic cup, respectively. Arrowheads in K indicate ex
(trigeminal placode) also expresses GFRa-2 in K. p, pharynx; ap, au
embryo. Arrows indicate expression in the dorsal retina (re), len
trigeminal ganglion (V), vestibuloacoustic ganglion (VIII), distal gan
primordium (lv). The white asterisk indicates ectodermal expres
expression in the maxillary process. (O) A section through the plan
is cut horizontally oblique, the ophthalmic lobe (op) of the trigemin
mesenchymal expression around the head veins is seen in the uppe
1–3 of a stage 18 embryo. (Q) A transverse section through vestibu
hybridization in the dorsolateral region of the rhombencephalon. (R
18. Arrowheads indicate expression in the liver primordium. sp
Dorsolateral view of the trunk from a stage 17 embryo. (T) A trans
from a stage 17 embryo. Arrowheads indicate expression in the ve
transverse section of the dermamyotome in the upper brachial regi
lip of the dermamyotome and adjacent mesenchyme cells. n, migra
and T; 100 mm in F–H, J–M, and O–R; 50 mm in U.
Copyright © 2000 by Academic Press. All rightGFRa-2 Expression
Stage 10. In the CNS, the dorsal midline (neural crest)
of rhombomeres 1/2, 3, and 4/5 all expressed GFRa-2
s (A, E, H, I, and N) or in 30-mm sections (B–D, F, G, and J–M). The
es or an arrow. (A) Dorsal view of an embryo at stage 9. The rostral
mbencephalon express GFRa-1. Arrows indicate hybridization in
se section through the junction between the prosencephalon and
pression in ventral neuroepithelial cells. (C) A transverse section
pharynx. Mesenchymal expression of GFRa-1 is observed. (D) A
mbryo. Arrowheads indicate the expression of GFRa-1 in the dorsal
(np). (E) Lateral view of head from a stage 14 embryo. Arrowheads:
mes, mesencephalon; op, optic cup; ot, otocyst. Hybridization is
n through the optic cup from a stage 14 embryo. Arrows indicate
esenchyme. Arrowheads indicate hybridization in the ventral part
the approximate level of rhombomere 1–2 from a stage 14 embryo.
yme. p, pharynx. (H) Dorsal view of trunk of a stage 17 embryo.
idization is also observed in the somites and in the head. (I) Lateral
ws) is seen in the maxillo-mandibular division of the trigeminal
of the facial (VII) and glossopharyngeal (IX) nerves. Arrowheads
as well as in the trigeminal placode. The white asterisk indicates
s, mesencephalon; op, optic cup; ot, otocyst. (J) A frontal section
te the medial border of the ganglion. Hybridization is also observed
tal section through pharyngeal arches (pa) 1, 2, and 3 from a stage
al spinal cord (sp) from a stage 18 embryo. Arrowheads indicate
phric duct. (M) A transverse section through a somite at somite
heads indicate expression in the dorsal portion of the somite (sm).
nk from a stage 19 embryo. Arrowheads indicate expression in the
g bud (wb) and leg bud (lb). Scale bars are 400 mm for A and H; 100
unt embryos (A, B, I, N, and S) or 30-mm sections (C–H, J–M, O–R,
I, N, and S indicate the orientation and approximate level of the
segmental plate (se) and Hensen’s node (hn) are indicated by thick
ate boundaries of segmentation in the CNS are indicated by thin
, rhombomere 3; r 5/4, rhombomere 4/5. (C, D, and E) Transverse
, and the middle of rhombomere 4/5, respectively, from a stage 9
g expression patterns in the somite at somite developmental stage
bserved in the notochord (nc). Arrowheads in F indicate expression
bryo. Segmental boundaries of prosencephalon (p), mesencephalon
Levels of transverse sections in J–M are indicated at the top of the
ere 1 in K, rhombomere 4 in L, and rhombomere 5 in M from an
pression around the optic cup (op) and hybridization in the ventral
ion in the dorsal midline of rhombomere 1. The surface ectoderm
y pit. (N) Lateral view of the head and neck region from a stage 18
, ophthalmic (op) and maxillo-mandibular (mm) divisions of the
of the glossopharyngeal nerve (IX), pharyngeal arch (pa), and liver
posterior to the 4th pharyngeal arch. The arrowhead indicates
icated in N from a stage 18 embryo. Because this particular section
glion (V), indicated by arrowheads, is located in the lower part and
of the section. (P) A frontal section through pharyngeal arches (pa)
ustic ganglion (VIII) from a stage 18 embryo. Arrowheads indicate
transverse section through the cervical level of an embryo at stage
nal cord; da, dorsal aorta; sv, sinus venosus; es, esophagus. (S)
e section of a somite at the level of the lower thoracic spinal cord
ateral portion of the somite. n, migrating neural crest cells. (U) A
a stage 17 embryo. Arrowheads indicate expression in the ventral
neural crest cells. Scale bars: 600 mm in A; 200 mm in B–E, I, N, S,bryo
in lin
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130 Homma et al.mRNA, whereas only the neuroepithelium of rhombomere
1/2 expressed GFRa-2 (Fig. 5B).
Head mesenchyme expressed GFRa-2 mRNA at all levels
rom the prosencephalon to the first somite (Figs. 5A and
B). In cross sections, GFRa-2 mRNA was observed in
mesenchyme cells located underneath the prosencephalon
(Fig. 5C); in mesenchyme flanking the mesencephalon,
with strong expression in cells beneath the dorsal ectoderm
(Fig. 5D); and in mesenchyme cells located between the
surface ectoderm and the endothelial lining of the pharynx
at rhombencephalic levels (Fig. 5E). GFRa-2 expression was
ot observed in the surface ectoderm of these regions.
GFRa-2 expression occurred in segmented somites as
ell as in the unsegmented paraxial mesoderm (segmental
late; Fig. 5A). In transverse sections of the paraxial meso-
erm, GFRa-2 mRNA was observed in the entire segmental
late and somites at stage I of somite development (Figs. 5G
nd 5H). In older somites (somite developmental stage III),
xpression in the medial portion close to the neural tube
as diminished and was now relatively concentrated in the
ateral portion of the somites. In somites at more rostral
egions, GFRa-2 expression was restricted to the ventrolat-
eral portion of the somite (Fig. 5F). Occasionally, GFRa-2
xpression was observed in the floor plate and neural crest
Fig. 5F); however, this expression was not consistently seen
n all embryos examined. Finally, GFRa-2 expression oc-
curred in the notochord and Hensen’s node (Figs. 5A and
5F–5H).
Stage 12. In the CNS, GFRa-2 expression was seen in
the most dorsal region (neural crest) of rhombomeres 1, 2, 3,
and 5 (Figs. 5I and 5K), whereas expression in the neural
crest of rhombomere 4 had disappeared and, instead, a
stream of GFRa-2-expressing cells emigrating from rhom-
bomere 4 was now observed anterior to the invaginating
auditory pit (Figs. 5I and 5L). Expression was found in the
lens placode, in the ventral side of the evaginating optic cup
(Fig. 5J), and on the ventral side of the invaginating otocyst
(Fig. 5M). The dorsolateral surface ectoderm (placode for the
trigeminal ganglia) also expressed GFRa-2 (Fig. 5K).
GFRa-2 hybridization in the head mesenchyme was seg-
egated into three populations defined by location and by
he amount of signal expression. The first population is in
he mesenchyme surrounding the optic cup and exhibits
odest expression levels (Figs. 5I and 5J). The second
opulation comprises mesenchyme cells at the level of the
esencephalon and rhombomeres 1 and 2, which exhibit
igh expression levels (Figs. 5I and 5K). The last population
s the mesenchyme located at the caudal rhombencephalic
evel showing a low level of expression (Figs. 5I and 5M).
esenchymal expression of GFRa-2 was interrupted at the
evel of rhombomere 4 by cells streaming away from the
hombomere. At all levels, GFRa-2 expression was rela-
tively concentrated in the lateral regions of the embryo
(Figs. 5J–5M).
Expression patterns in the axial and paraxial mesoderm
remained the same as at stage 10 (Fig. 5I).
Copyright © 2000 by Academic Press. All rightStage 18. Except for neuroepithelial cells located in the
hombencephalon, GFRa-2 expression was not seen in the
NS (Fig. 5Q). The positive neuroepithelial cells were
omposed of a continuous population of cells in rhom-
omeres 1 to 5, appearing as a thin line of expression in
hole-mount preparations (Fig. 5N). The dorsal region of
he optic cup and lens expressed GFRa-2 mRNA (Fig. 5N).
In the PNS, the trigeminal ganglion, including ophthal-
mic and maxillo-mandibular divisions, the vestibuloacous-
tic ganglia, and distal ganglia of the ninth nerve all ex-
pressed GFRa-2 (Figs. 5N, 5O, and 5Q). In the spinal cord,
igrating neural crest cells expressed GFRa-2 mRNA (Figs.
5S–5U).
Mesenchymal expression of GFRa-2 was observed around
the trigeminal ganglion, in the dorsal region of the optic
cups and in maxillary processes (Figs. 5N and 5O). In
sections, GFRa-2 hybridization in the mesenchyme around
he trigeminal ganglion and optic cup was concentrated
eneath the surface ectoderm (Fig. 5O). Because the overly-
ng surface ectoderm also expressed GFRa-2, some of the
mesenchymal expression around the trigeminal ganglion
and optic cup may represent migrating neuronal precursors
from the trigeminal placode. Mesenchyme cells in the inner
core of arches 1, 2, 3, and 4 expressed GFRa-2 mRNA (Fig.
P) and these appeared to be the same population that
xpresses GFRa-1 and RET. The surface ectoderm located
posterior to the fourth arch expressed GFRa-2 mRNA (Fig.
N) and this is also the same region that expresses GFRa-1
and RET.
In rostral regions of the trunk (cervical/brachial), GFRa-2
xpression occurred in the ventral lip of the dermamyotome
s well as in cells adjacent to the medial side of the ventral
ip of the somite, which are probably migrating muscle
recursor cells (Figs. 5S and 5U). At younger somite devel-
pmental stages, the ventrolateral portion of the somites
lso expressed GFRa-2 (Fig. 5T).
Finally, GFRa-2 expression was seen in the liver primor-
dium descending through the wall of the sinus venosus
(Figs. 5N and 5R).
GFRa-4 Expression
Stage 10. GFRa-4 mRNA was predominantly expressed
in the axial and paraxial mesoderm and was observed in
segmented somites, Hensen’s node, and notochord (Fig. 6A).
In transverse sections, expression was observed in the
entire somite (Fig. 6B).
Stage 14. Somites continued to express GFRa-4 (Figs.
C and 6E). In transverse sections from the cervical level,
FRa-4-expressing cells occurred in the marginal zone of
he ventral spinal cord. Based on their location and timing
f their differentiation, these cells are likely motoneurons.
he dorsal half of the invaginating otocyst expressed
FRa-4 mRNA (Figs. 6C and 6D) and at caudal cervical and
ostral brachial levels, the left side of the splanchnopleura
xpressed GFRa-4 mRNA (Figs. 6C and 6E) whereas at otherlevels, the splanchnopleura did not express GFRa-4.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightStage 18. The expression pattern of GFRa-4 in the
somites is similar to stage 14. However, in rostral somites,
expression was diminished and only weak hybridization
occurred around the ventral lip of the dermamyotome
(Fig. 6F).
In the head and neck, three clusters of GFRa-4 mRNA-
xpressing cells were observed (Figs. 6F and 6G). Based on
heir location, these clusters represent the trigeminal gan-
lion (ophthalmic and maxillo-mandibular divisions) and
he vestibuloacoustic ganglion. In addition, the mesen-
hyme surrounding these ganglia weakly expressed GFRa-4
RNA and the dorsal region of the otocyst also expressed
FRa-4 (Figs. 6F and 6G).
In the hindbrain, the marginal zone of regions corre-
ponding to rhombomere 1, 2, and 3 expressed GFRa-4 in a
distinct area between dorsal and ventral neural tube and
these cells were continuous along the rostro-caudal axis,
appearing as a thin line in whole-mount preparations (Fig.
6G). In the spinal cord, cells located at the periphery of the
dorsal neural tube as well as ventral motoneurons now
exhibit expression at the brachial level (Fig. 6H).
The left side of the splanchnopleura expressed GFRa-4
RNA at the level of the prospective stomach. This uni-
ateral expression of GFRa-4 was restricted to the region of
planchnopleura ventral to the dorsal mesentery (Fig. 6H).
DISCUSSION
Expression during Somite Development
GFRa-1 and GFRa-2 are initially expressed in the dorsal
and ventrolateral portion of newly developed somites, re-
spectively. Subsequently, the expression of GFRa-1 and
GFRa-2 become segregated in a complementary fashion
uch that GFRa-1 is restricted to the ventral lip of the
dermamyotome, whereas GFRa-2 is in the dorsal lip of the
dermamyotome. Because apaxial muscles form from the
dorsomedial portion of the dermamytome, whereas hy-
paxial muscles are derived from the ventrolateral portion of
the dermamyotome (Christ et al., 1983; Ordahl and Le
Douarin, 1992), GFRa-1 and GFRa-2 may represent mo-
lecular markers for these two muscle lineages.
Several molecular markers which differentially label dor-
sal or ventral subdomains of somites have been previously
identified. Among them, Pax-3 is expressed first in the
segmental plate mesoderm, then in the dorsal half of stage
I somites, and later in the dermamyotome especially in the
ventral lip (Goulding et al., 1994; Williams and Ordahl,
cervical region. Arrowheads indicate expression in cells located in
the lateral region of the spinal cord, including motoneurons.
Arrows indicate expression in the left splanchnopleura. da, dorsal
aorta; dm, dorsal mesentery. Scale bars are 400 mm in A and C, 200FIG. 6. Expression of GFRa-4. (A, C, F, and G) Whole-mount in
situ hybridization in intact embryos. (B, D, E, and H) Expression in
transverse sections. Approximate level of the sections is indicated
in A, C, and F by thin lines. (A) Dorsal view of a stage 9 embryo. sm,
somites; hn, Hensen’s node. (B) A transverse section at the level of
somite developmental stage I from a stage 9 embryo. sm, somites.
(C) Lateral view of a stage 14 embryo. Arrowheads indicate expres-
sion in the left splanchnopleura. (D) A transverse section through
the auditory pit (ap) from a stage 15 embryo. Expressions is
localized in the dorsal half of the auditory placodes. (E) A transverse
section at the approximate level indicated by the line in C. Arrows
indicate expression in the left splanchnopleura. (F) Lateral view of
a stage 18 embryo. ot, otocyst. (G) Lateral view of the head and neck
regions from a stage 18 embryo. Expression in the ophthalmic (op)
and maxillo-mandibular (mm) divisions of the trigeminal ganglion
(V), and vestibuloacoustic ganglion (VIII) is indicated by arrows. op,mm in F and G, and 100 mm in B, D, E, and H.
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132 Homma et al.1994). Thus, although the initial expression patterns differ,
the subsequent expression patterns of Pax-3 and GFRa-2 are
similar in the dermamyotome. Of the known myogenic
regulatory factors (MRF), myoD is first expressed in the
medial somite at somite stage II and later becomes re-
stricted to the dorsomedial region of the somites in the
avian embryo (Pownall and Emerson, 1992; Williams and
Ordahl, 1994). Slightly later, myf5 is expressed in the same
region (Pownall and Emerson, 1992). GFRa-1 expression in
he dorsal somite precedes the expression of myoD and is
ot restricted to the dorsomedial region of the dermamyo-
ome until a relatively late stage of somite development. At
he thoracic level, GFRa-1 is also expressed in the ventral
lip of the dermamyotome. Another basic helix-loop-helix
transcriptional factor, Sim1, which is a marker for lateral
somites, is first expressed at stage 13 (Pourquie´ et al., 1996).
he somitic expression pattern of GFRas differ from this
and other known markers, suggesting that they might
represent an independent and novel signaling pathway
involved in myogenesis.
In the chick embryo, GDNF mRNA is expressed in the
nephrogenic mesenchyme flanking newly differentiated
somites. Later, GDNF expression occurs in the floor plate
coincident with diminished expression in the intermediate
mesoderm. Moreover, GDNF is only expressed in the floor
plate in regions adjacent to segmented somites. The binding
receptor component GFRa-1, which preferentially binds
GDNF, is expressed in myogenic regions of the somite
giving rise to apaxial muscles, whereas GFRa-2 is expressed
in the hypaxial myogenic region of the somite. Although
GFRa-2 preferentially binds another ligand, neurturin,
DNF can also bind to GFRa-2 under some conditions in
vitro (Worby et al., 1996; Baloh et al., 1997; Sanicola et al.,
1997; Suvanto et al., 1997). These results suggest that
GDNF in the intermediate mesoderm and floor plate may
influence the differentiation of apaxial and hypaxial
muscles.
Many studies support the idea that a signal (Sonic hedge-
hog, Shh?) derived from ventral midline structures induces
or promotes the differentiation of muscles cells and the
expression of myogenic genes (Buffinger and Stockdale,
1994; Johnson et al., 1994; Mu¨nsterberg and Lassar, 1995;
Mu¨nsterberg et al., 1995; Stern and Hauschka, 1995; Pown-
all et al., 1996; Dietrich et al., 1997). However, myogenic
genes are still expressed in Shh-deficient mice (Chiang et
al., 1996). Therefore, factors other than Shh may also
contribute to the induction of myogenic regulatory genes.
The expression of GFRas in the somites and GDNF in
nearby tissues suggests that GDNF may be one such factor.
The relatively late onset of GDNF expression in the floor
plate indicates that it could be involved in the maintenance
of expression of the MRF. Signals from the neural tube
(Bober et al., 1994), especially the ventral neural tube and
floor plate (Dietrich et al., 1997), are necessary for the
maintenance of MyoD expression.
The GDNF signal transduction receptor component,
RET, is only expressed in newly developing somites regard- d
Copyright © 2000 by Academic Press. All rightless of developmental age and thus is not associated with
the expression patterns of GFRa-1 and 2, suggesting that
GFRa-1 and 2 may utilize other signal transduction com-
onents. Conversely, RET may be involved in other devel-
pmental process such as segmentation of somites and may
unction independent of binding receptor components.
Expression during Craniofacial Development
The receptor components, RET, GFRa-1, and 2 are ex-
pressed in mesenchyme cells located in the medial regions
of the branchial arches, whereas GDNF is expressed in the
epithelial lining of the pharyngeal clefts. This close apposi-
tion of GDNF and the receptor components necessary for
signal transduction indicates that GDNF from the epithe-
lial lining could interact with RET and GFRa-1 (and possi-
bly GFRa-2) in the branchial arches and thus may be
nvolved in the development of pharyngeal arches. How-
ver, no gross facial abnormalities have been described in
ET, GFRa-1 and 2, or GDNF-deficit mice (Schuchardt et
l., 1994; Moore et al., 1996; Pichel et al., 1996; Sa´nchez et
l., 1996; Cacalano et al., 1998; Enomoto et al., 1998; Rossi
t al., 1999). Although RET is not expressed in the branchial
rches of mice (Pachnis et al., 1993), the expression pattern
f GDNF in chick and rodent is localized to the epithelial
ining of the pharyngeal pouches (Sa´nchez et al., 1996;
uvanto et al., 1996). Thus, the biological action of GDNF
n pharyngeal arch development may utilize different signal
ransduction components in chick and rodent.
In the head region at stages 17–18, the binding receptor
omponents, GFRa-1 and 2, have a relatively broad and
iffuse expression pattern in the mesenchyme cells around
he trigeminal ganglion and optic cup, whereas RET and
DNF are expressed in discrete domains around the optic
up and appear to partly overlap with the GFRa-expressing
ells. The identity of the mesenchyme cells expressing
FRa receptors is unclear. Because some of the mesen-
hyme cells appear to be associated with trigeminal pla-
ode, they are likely to be ganglionic precursors delami-
ated from the placode (see below). However, not all of the
FRa-positive mesenchyme cells are placode-derived. For
xample, the distribution and numbers of mesenchyme
ells expressing GFRa-2 differ from those of migrating
lacode-derived neuronal precursors and are partly overlap-
ing with migrating neural crest (Covell and Noden, 1989;
oody et al., 1989). Head mesenchyme is composed
rincipally of ectoderm-derived neural crest cells and
esoderm-derived paraxial mesoderm cells (Noden, 1986;
ouly et al., 1993; Noden, 1988), and these two subpopu-
ations are extensively mixed during early developmental
tages (Trainor and Tam, 1995). In the absence of specific
arkers, it is not possible to determine whether GDNF/
eceptor-positive cells are neural crest-derived that will give
ise to connective tissues and cranial bones or mesoderm-
erived cells that will give rise to muscle or placode-derived
euronal precursors. The local expression of RET could
efine sites of condensation of neural crest cells or meso-
s of reproduction in any form reserved.
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133Expression Pattern of GDNF and Receptorsderm cells to form bone or muscle, and the coexpression of
GDNF with RET-expressing cells suggests possible auto-
crine or paracrine mechanisms of action.
Expression in the Peripheral and Central Nervous
System
In addition to GDNF receptor expression in head mesen-
chyme, these receptors are also expressed in placodes as
well as immature placode-derived ganglia (Table 1).
Avian neurogenic placodes are classified into three
groups according to their position along the dorso-ventral
axis: dorsolateral placodes give rise to the vestibuloacoustic
ganglia; placodes for the trigeminal ganglia are located at
intermediate levels; and epibranchial placodes located im-
mediately dorsal to the branchial cleft give rise to distal
ganglia of the VIIth, IXth, and Xth nerves (Ariens-Kappers,
1941; D’Amico-Martel and Noden, 1983). In these different
ganglia, neurogenesis (delamination from the placode) gen-
erally begins around stages 13–14 and persists until stages
22–24 (D’Amico-Martel and Noden, 1983). Receptor expres-
sion in placodes and immature ganglia is characterized by
the early onset of RET followed by later expression of
GFRas. This pattern is clearly seen in the epibranchial
lacode and its derived distal ganglia: RET is expressed
lready in the prospective placodal region of ectoderm,
hereas GFRas are first expressed after the immature
ganglia are formed. This late onset of GFRas in the placodes
nd ganglia suggests that GFRa expression may be associ-
ted with neuronal differentiation, and the initial survival
f immature ganglionic cells (Moody et al., 1989). The early
nset of RET expression in the placodal ectoderm suggests
TABLE 1
Expression of RET and GFRas in Placodes and in Placode-Derived
Ganglionic ex
RET GFRa-1
St. 18 St. 18
rigeminal ganglia
(V) (lateral part)
Ophthalomic
division
1 2
Maxillo-mandibular
division
2 1
estibuloacoustic
ganglia (VIII)
2 1
istal ganglia of the
facial nerve (VII)
1 1
istal ganglia of the
glossopharyngeal
nerve (IX)
1 1
istal ganglia of the
vagus nerve (X)
1 2
Note. The expression of RET and GFRa-2 is localized in the dorn involvement in specification and induction of the pla-
Copyright © 2000 by Academic Press. All rightode, especially the epibranchial placode. The specification
r induction of the trigeminal and otic placode is influenced
y signals from the CNS (Waddington, 1937; Stark et al.,
997; Baker et al., 1999). Bone morphogenetic protein 7
BMP7) released from the pharyngeal endoderm induces the
xpression of a molecular marker for the distal ganglia in
ctoderm taken from head regions of the chick embryo in
itro (Begbie et al., 1999). RET is broadly expressed in the
rospective ectodermal placode region and GDNF is focally
xpressed in the endoderm of the prospective pharyngeal
ouches, which are in contact with the surface ectoderm.
hese expression patterns suggest that GDNF and RET may
lso be involved in the specification and induction of the
pibranchial placode. Once immature distal ganglia
geniculate and petrosal) are formed, they express both
FRa-1 and RET as well as GDNF. In these ganglia, GDNF
ay mediate later developmental events via autocrine or
aracrine loops.
In the trunk region, migrating neural crest cells in the
entromedial pathway express GFRa-2 and RET, but not
FRa-1. This suggests that neurturin, a preferential ligand
or the GFRa-2/RET complex, may be expressed along the
eural crest migration pathways and could influence the
ifferentiation or survival of these cells. Alternatively,
DNF, which can also bind to RET/GFRa-2, albeit with
lower efficiency, could influence the differentiation of neu-
ral crest cells from its location in the floor plate. GDNF has
been shown to promote the generation of adrenergic neu-
rons in cultured neural crest cells (Maxwell et al., 1996).
In the central nervous system, GDNF is transiently
expressed only in the floor plate of the spinal cord and was
not found in any other region at the stages observed here. In
glia
ion Placodal expression
FRa-2 RET GFRa-1 GFRa-2
St. 18 St. 10 St. 14 St. 10 St. 14 St. 10 St. 14
1
2 2 2 1 2 1
1
1 2 1 2 2 2 1
2 1 1 2 2 2 2
1 1 1 2 2 2 2
2 1 1 2 2 2 2
nd ventral halves of the otocystes, respectively. St., stage.Gan
press
Ga previous study on the expression pattern of GDNF in the
s of reproduction in any form reserved.
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134 Homma et al.mouse embryo, GDNF was reported to be expressed in the
dorsal neuroepithelium of the spinal cord, but not in floor
plate (Hellmich et al., 1995). However, subsequent studies
failed to observe GDNF in the dorsal spinal cord or floor
plate of rodent embryos (Suvanto et al., 1996; Wright and
Snider, 1996). These apparent discrepancies may reflect
either species or methodological differences. For instance,
in order to demonstrate the presence of GDNF in the chick
embryo floor plate required a strong digestion of proteinase
K during in situ hybridization.
The expression of GDNF in the floor plate was only
bserved in the spinal cord and the onset of expression
ccurred after differentiation of the floor plate but prior to
he differentiation of neuronal populations such as spinal
nterneurons and motoneurons (Yaginuma et al., 1990). In
ostral regions of the CNS, Sonic hedgehog (Shh) derived
rom ventral midline structures regulates the differentia-
ion of specific cell types within the CNS in conjunction
ith other growth factors (Dale et al., 1997; Ye et al., 1998).
Thus, GDNF in the floor plate could interact with Shh in
promoting the differentiation of various neuronal pheno-
types. Alternatively, GDNF may promote the survival of
ventral midline cell populations. We have observed apopto-
tic cell death soon after the onset of GDNF expression in
the brachial spinal cord (Homma et al., 1994).
Asymmetrical Expression of GFRa-4 and GDNF
Several molecules have been identified that are preferen-
tially expressed on the right or left side of embryos prior to
the onset of morphogenetic events that mediate the asym-
metrical movement of particular organs (Levin et al., 1995,
1997; Meno et al., 1996; Hyatt and Yost, 1998). One such
factor, the transcription factor Pitx2 is expressed along one
lateral (left) side of the gastrointestinal tract (Logan et al.,
1998; Piedra et al., 1998; Yoshioka et al., 1998). Misexpres-
sion of Pitx2 on the right side results in a reversal of gut
rotation (Logan et al., 1998). However, Pitx2 is expressed
throughout the visceral and cardiac mesoderm and presum-
ably plays a similar role in the development of all asym-
metric organs, whereas GDNF and GFRa-4 are only ex-
pressed in the prospective stomach region of the gut and
their asymmetric expression pattern occurs relatively late
in development, compared to other asymmetrically ex-
pressed factors. This unique spatial-temporal expression
pattern is consistent with a role for GDNF and GFRa-4 in
he late occurrence of leftward rotation of the stomach.
In conclusion, a detailed examination of the expression of
DNF and its receptors in early stages of chick embryo
evelopment has revealed a number of unique patterns that
uggest novel functions for GDNF ligands in early organo-
enesis. Perturbation studies involving inhibition and over-
xpression of GDNF and its receptors in vivo are currently
n progress in an attempt to experimentally test some of the
uggested roles of these molecules in early chick develop-
ent. Finally, a paper describing GDNF and receptor ex-
Copyright © 2000 by Academic Press. All rightression at later ages (Embryonic Days 4–12) is in prepara-
ion.
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